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Vanin-1, a Novel GPI-Linked Perivascular Molecule
Involved in Thymus Homing
Michel Aurrand-Lions,* Franck Galland,* Each step depends on several adhesion molecules,
which ultimately polarize cell migration. The first eventHermine Bazin,* Vladimir M. Zakharyev,†
occurs in the bloodstream, where circulating leukocytesBeat A. Imhof,‡ and Philippe Naquet*
must be arrested on contact with endothelial cells*Centre d’Immunologie
(Picker and Butcher, 1992). This process has been wellINSERM–Centre National de la Recherche Scientifique
studied in flow experiments using purified preparationsCase 906
of the adhesion molecules known to regulate homing to13288 Marseille Cedex 9
inflamed or peripheral tissues. Selectins participate inFrance
the initial contact (Lawrence and Springer, 1991; von†Russian Academy of Sciences
Andrian et al., 1991; Arbones et al., 1994), and, subse-Engelhardt Institute of Molecular Biology
quently, leukocytes are activated by chemokines, whichMoscow, W334
leads to an integrin-dependent reinforcement of cell ad-Russia
hesion (Tanaka et al., 1993; Springer, 1994). CD31, an‡Basel Institute for Immunology
endothelial-specific marker (De Lisser et al., 1994), con-Grenzacherstrasse 487
tributes to the activation of integrins (Hynes, 1992; PialiCH4005, Basel
et al., 1993) and participates in the later steps of leuko-Switzerland
cyte transmigration (Muller et al., 1993). These sequen-
tial interactions allow the tethering, rolling, and activa-
tion of leukocytes and their binding to the endothelialSummary
cell wall (Butcher, 1991; Springer, 1994). Thus, combina-
tions of distinct adhesion molecules are ultimately nec-Migration of hematopoietic precursor cells to the thy-
essary for the homing process to take place efficiently.mus is shown to depend upon a novel molecule called
Among these molecules, some also contribute to theVanin-1 expressed by perivascular thymic stromal
specificity of homing. Expression of L-selectin or cuta-cells. An anti-Vanin-1 antibody blocks the binding of
neous lymphocyte-associated antigen by lymphocytepro-T cells to thymic sections in vitro, the in vivo accu-
subsets allows interaction with specific ligands ex-mulation of bone marrow cells around cortical thymic
pressed by endothelial cells in lymph node (Gallatin etvessels, and long-term thymic regeneration. Thus, it
al., 1983) or skin (Picker et al., 1991). Similarly, hominginterferes with the entry, and not the differentiation,
to the gut is dependent on the expression by leukocytesof hematopoietic precursor cells. The Vanin-1 gene
of the a4b7 integrin that binds to the gut endothelialcodes for a GPI-anchored 70 kDa protein that shows
mucin MadCAM-1 (Bargatze et al., 1995).homology only with human biotinidase. Transfection
Fewer molecules expressed either by leukocytes orof thymic stromal cells with the Vanin-1 cDNA en-
by endothelial cells have been shown to participate inhances thymocyte adhesion in vitro. These data sug-
thymic homing. The hyaluronate receptor, CD44, and
gest that Vanin-1 regulates late adhesion steps of thy-
L-selectin are present on early thymic immigrants.
mus homing under physiological, noninflammatory
Whereas the role of CD44 in thymus homing has been
conditions.
suggested (Wu et al., 1993), L-selectin is unlikely to be
essential since thymus colonization is normal in
Introduction L-selectin-deficient mice (Arbones et al., 1994). Another
report indicates that a6 integrin expressed at the apical
Hematopoietic precursor cells migrate to the thymus, side of thymic endothelial cells could serve as an impor-
where they differentiate into mature T lymphocytes. Dur- tant cell–cell adhesion molecule. Antibodies to a6 inte-
ing fetal life, T cell progenitors originate from the liver grin block adhesion of a pro-T cell line to a thymic endo-
and home to the thymus in several waves at precise thelial cell line (Imhof et al., 1991) as well as homing of
stages of development in birds and mammals (Coltey hematopoietic precursors to the thymus (Ruiz et al.,
et al., 1987; Jotereau et al., 1987). After birth, bone mar- 1995). However, since CD44 and a6 integrin are widely
row–derived precursor cells regularly colonize the thy- expressed by various tissues, it is unclear whether they
mus with a continuous low influx of progenitor cells per provide specificity to intrathymic homing, and it is likely
day (Scollay et al., 1986). Prethymic T cell progenitors that other partners such as chemotactic factors (Dar-
are phenotypically incompletely defined. A recent report gemont et al., 1989) will participate in this mechanism.
showed that day 15.5 fetal blood contained Thy11, Homing to the thymus can also be observed with cell
c-kit1, CD32 circulating cells with high T cell reconstitu- types other than progenitors, such as activated mature
tion potential (Rodewald et al., 1994). These migrating T cells, some B lymphocytes, circulating dendritic cells,
cells first encounter the thymic vascular endothelium, and macrophages (Agus et al., 1991; Kampinga et al.,
where they must adhere before entering the thymus 1990). This makes it possible that cells that migrate to
(Dunon and Imhof, 1993; Dunon et al., 1993). Then, cells the thymus under physiological conditions share adhe-
accumulate in the perivascular conjunctive tissue before sion molecules that interact with thymic perivascular
crossing the perivascular epithelial cell layer. After ex- ligands.
travasation into the thymus, pro-T lymphocytes interact To identify molecules expressed by thymic endothelial
with different types of thymic epithelial cells, which sup- or perivascular epithelial cells (or both), we developed
a panel of cell lines representing different subtypes ofport their maturation (Van Ewijk, 1991).
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Figure 1. Antibodies 407 and 735 Stain Perivascular Thymic Stromal Cells
Serial cryosections from murine thymus were stained with 407 (a), 735 (b), and anti-CD31 antibodies (c) and revealed using immunoperoxidase
detection (magnification 316). In (d) and (e), thymic sections were incubated with combinations of antibodies and analyzed using confocal
microscopy (magnification 363). Sections were stained with antibody 407 revealed by a Texas red–coupled probe associated with either
biotinylated anti-CD31 (d; magnification 363, zoomed 32, the picture corresponds to a field of 400 mm2) or antibody 735 (e; magnification
363, field 100 mm2) revealed by streptavidin–FITC.
thymic stromal cells (MTE) (Naquet et al.,1989; Lepesant identify specific subsets of thymic stromal cells. Analy-
sis of antigen 407 or 735 expression performed by immu-et al., 1990; He et al., 1991; Boyd et al., 1993). Mono-
clonal antibodies recognizing membrane molecules ex- nocytochemistry on serial thymic cryosections showed
that both epitopes were associated with cortical andpressed by MTE cells were screened for their ability to
stain perivascular cells in immunocytochemical tests on medullary vessels (Figures 1a and 1b). These antibodies
bind to the vascular and perivascular zones, althoughthymic cryosections and to interfere with cell adhesion.
One of these, antibody 407, was studied further for the labeling is dimmer with antibody 407. In contrast,
staining with the anti-CD31 antibody is restricted to theits ability to block intrathymic homing. Antibody 407
identifies a novel glycosylphosphatidylinositol (GPI)- luminal side of vessels and cell contacts (Figure 1c). The
lack of luminal staining with antibodies 407 and 735 wasanchored molecule, named Vanin-1.
confirmed by direct intravenous injection of biotinylated
antibodies followed by immediate histological stainingResults
(data not shown). A double immunofluorescence stain-
ing of thymic vessels analyzed by confocal microscopyAntibodies 407 and 735 Stain Perivascular
Thymic Stromal Cells shows that the CD31 staining exclusively decorates the
apical side of endothelial cells, whereas antibody 407Rat monoclonal antibodies raised against thymic stro-
mal cell lines (MTE) were screened for their ability to gives a complex staining of several cell layers intimately
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Table 1. Vanin-1 Expression by Thymic Stromal Cell Lines
nd Endothelial Epithelial
MTE1P e-End.2 T-End-1 MTE 3.19.11 MTE 4.14.21 MTE1D
Control 4.4 7 5 5.6 4.4 5.2
407 82 4 4 20 637 8
735 8 15 7.9 25 46 17
CD31 3.8 19 23 4.5 4.1 3.5
Results are expressed in mean fluorescence intensity (nd, phenotype not defined).
associated with endothelial cells (Figure 1d). A similar phenotyped by cytofluorometric analysis using a combi-
nation of CD4/CD8 and CD44/CD25 antibodies. Thispattern can be observed with antibody 735, since the
allowed a precise quantitation of thymocyte subsets407 and 735 epitopes arecolocalized by most perivascu-
including the most immature CD42CD82 (double negativelar cells (Figures 1a, 1b, and 1e). A cytofluorometric
[DN]) populations containing essentially CD441CD251 andanalysis performed on dissociated fetal thymic stromal
CD442CD251 subsets, as well as the CD41CD81 (doublecells confirmed the presence of 40717351 cells (data
positive [DP]) and then CD41 or CD81 (single positivenot shown).
[SP]) mature cells. In the regeneration assay shown inSince these antibodies were raised against thymic
Figure 2, mice were irradiated and killed on day 8, andstromal cell lines, their reactivity was assayedby cytoflu-
results from two independent animals were analyzed perorometric analysis on a panel of cell types. Lymphoid
experimental sample. In Figure 2A, the blocking effect ofor bone marrow cell suspensions were not stained by
antibody 407 was compared with that of the isotype-antibodies 407 and 735 (data not shown). Results ob-
matched antibody 735 or phosphate-buffered salinetained on thymic stromal cell lines are summarized in
(PBS) as controls. Whereas antibody 735 had no inhibi-Table 1. The MTE lines named MTE1D, MTE3-19, and
tory effect on thymic repopulation, injection of antibodyMTE4-14 have been previously described as thymic epi-
407 reduced the total number of thymocytes by 98%.thelial cell lines (Naquet et al., 1989; Lepesant et al.,
In an independent experiment, both whole antibody 4071990, 1995), whereas the MTE1P cell line does not dis-
and its F(ab9)2 were tested and showed significant inhibi-play epithelial features. The T-end.1 or e-End.2 cell lines
tory effect on reconstitution (around 72% inhibition),are representative of the endothelial lineage as as-
ruling out a nonspecific effect due to the Fc portion.sessed by the expression of the endothelial-specific
The drastic antibody 407–mediated reduction in thy-marker CD31. Antigen 407 is expressed at variable levels
mocyte numbers could be explained by a block at theby some epithelial and nonepithelial cells, but not by
level of intrathymic homing or maturation. Thus, a pre-endothelial cell lines. Its expression is unaffected by
cise phenotyping of DN, DP, and SP thymocytes wasinflammatory cytokines (data not shown). The 735 epi-
performed on day 8 or 14 following irradiation. In Figuretope is weakly expressed by most cell lines tested. In
2A, results are plotted in absolute cell numbers for eachconclusion, combination of results obtained in vitro and
thymocyte subset present on day 8. In antibody 407–in situ suggests that perivascular epithelial and nonepi-
injected mice, all subsets are present but significantlythelial (perhaps pericytes) thymic stromal cells express
reduced, suggesting that the few thymocytes that have
the 407 and 735 antigens. Staining of the basolateral
entered the thymus can still differentiate into mature
side of endothelial cells in vivo cannot be formally ex-
lymphocytes. This reduction in thymocyte numbers
cluded.
leads to a delay of 3–4 days in thymocyte reconstitution,
and a normal representation of each subset is recovered
Antibody 407 Inhibits Thymic Regeneration but Not between days 11 and 14 after irradiation (Figure 2B).
Maturation after Whole-Body Irradiation To exclude formally the possibility that antibody 407
In our initial screening strategy, stromal cell–specific might preferentially block one transitional stage of differ-
antibodies were tested for their ability to interfere with entiation, we carried out fetal thymic organ culture ex-
adhesion of thymocytes to MTE cell lines. In these periments. In such a system, input of hematopoietic
assays, antibody 407 but not 735 blocked tempera- cells from the bloodstream is excluded and thymocyte
ture-dependent adhesion mechanisms (see Figure 7; maturation proceeds from a single pool of precursor
M. A.-L., unpublished data). Since both antibodies stain cells. Thymi were removed from 14-day-old embryos
perivascular stromal cells, their effect was tested on and cultured in the presence of antibodies 407, anti–a6
intrathymic homing. To study the inhibitory effects of integrin, or 735. After 7 days, thymi were grouped in
an antibody on this process, one possibility is to induce fives, and single cell thymocyte suspensions were pre-
a massive thymocyte depletion by sublethal irradiation pared, counted, and analyzed for expression of CD4
of young adult mice (6 Gy). Then, the thymus is reconsti- and CD8. Neither the cell numbers per thymus nor the
tuted in 3 weeks with radioresistant bone marrow stem ratio of thymocyte subsets was altered by the antibody
cells, which home in two subsequent waves (Takada et 407 (Table 2). This experiment demonstrated that anti-
al., 1968). We therefore tested the effect of repeated body 407 had no direct cytotoxic or inhibitory effect on
injections of 407 or 735 antibodies during the expansion thymocyte differentiation, including the most immature
phase (day 8) of the first wave of thymic repopulation, precursors found in fetal day 14 thymi. Thus, the best
which culminates on day 14 postirradiation. Thymi were interpretation of these results is that antibody 407 de-
layed regeneration, but did not block maturation fromharvested, and viable thymocytes were numbered and
Immunity
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Figure 2. Anti-Vanin-1 Antibody Blocks Long-Term Thymus Regeneration
3-week-old mice were sublethally irradiated, injected with either PBS (open bars), control 735 (hatched bars), or 407 whole (closed bars)
antibodies on days 1, 3, 5, 8, and 11 and killed on day 8 or 14. Results on thymocyte subsets were deduced from cytofluorometric analysis
performed with combinations of CD4/CD8 and CD44/CD25 antibodies. These results are plotted in absolute cell numbers ([A], day 8) or relative
percentages ([B], days 8 and 14). On day 14, the number of thymocytes was reduced by 42% compared with control. Error bars are shown
for each point (but are not always detectable owing to the low experimental variations in these experiments).
DN to more mature thymocytes. This is consistent with control) into recipient mice from the same litter. In this
type of experiment, a significant dispersion of the exper-the fact that the 407 molecule is not expressed by thy-
mocytes or intrathymic cells. imental values was observed; this was likely due to the
lower level of irradiation (3.5 Gy) used in this design and
to the difficulty of monitoring with accuracy the numberAntibody 407 Inhibits Thymus Colonization
Since thymic regeneration requires stem cell expansion of cells intravenously injected into newborn mice. Thus,
results from four independent experiments are pre-and extravasation from the bone marrow, a chronic in-
jection of antibody 407 might be inhibitory at these sented in Table 3. In experiments A and B, absolute
cell numbers are provided; results show that a singlestages. To evaluate directly the effect of this antibody on
intrathymic entry from the bloodstream, we performed injection of antibody 407 does not significantly reduce
the total amount of thymocytes present in day 15–17reconstitution experiments of irradiated C57 Bl/6 Ly5.21
newborn mice by direct intravenous injection of con- postirradiation thymi. In contrast, the relative proportion
of donor Ly5.11 thymocytes is reduced by 55%–72%genic Ly5.11 bone marrow stem cells. Thymus reconsti-
tution by donor bone marrow progenitors was measured compared with host cells. Again, both the antibody 407
and its F(ab9)2 blocked thymus reconstitution. Further-2 weeks later by three-color fluorescence-activated cell
sorter (FACS) analysis (CD4, CD8, Ly5.1). This allowed more, the distribution of the thymocyte populations de-
fined by the T cell markers CD4 and CD8 was not alteredconcomitant quantitation and phenotyping of donor-
versus host-derived thymocytes. Donor C57 Bl/6 Ly5.1 (data not shown). This inhibitory effect was confirmed
in two other experiments and was comparable with thatbone marrow cells were injected together with antibody
407 (experiments A, C, and D), its F(ab9)2 (experiment of an antibody directed against a6 integrin previously
shown to be involved in thymus homing (Ruiz et al.,B), or nonspecific rat immunoglobulin G (IgG) (negative
Table 2. Antibody 407 Does Not Inhibit Thymocyte Differentiation in Fetal Thymic Organ Cultures
Antibody Cell Number (3 103) Percent Percent Percent Percent
per Thymus CD42CD82 CD41CD81 CD42CD81 CD41CD82
Control 106 26 49 18 7
407 104 21 56 15 8
EA-1 80 25 52 16 7
735 82 24 55 15 6
Day 14 thymi were cultured for 7 days in the absence (medium) or presence of antibodies 407, EA-1, or 735 (negative isotype-matched control).
Absolute cell numbers and percentages of various thymocyte subsets after CD4/CD8 double staining are presented.
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Table 3. Antibody 407 Blocks Intrathymic Homing of Bone Marrow Precursors
Experiment A
Ly5.11 Mean (3 106) Ly5.11 Donor Cells per
Antibody Mouse Donor Cells (%) Cells 6 SE Inhibition (%) Total Thymocytes (3 106)
Control 1 7.8 6.7 6 2 7.8/100.2
2 5.3 4.2/79.1
3 2.6 2.8/107.7
4 12.5 11.8/94.4
407 5 1.9 3.0 6 2 55.3 1.1/56.4
6 9.1 9.2/101.2
7 3.5 1.6/44.8
8 0.1 0.1/100.5
Experiment B
Ly5.11 Mean (3 106) Ly5.11 Donor Cells per
Antibody Mouse Donor Cells (%) Cells 6 SE Inhibition (%) Total Thymocytes (3 106)
Control 1 84.2 533.1 6 27.9 505/600
2 78.2 561/720
407 3 53.6 189.7 6 87.8 64.4 267/496
F(ab9)2 4 3.6 14/400
5 73.4 287/392
Experiment C
Ly5.11 Donor
Antibody Mouse Cells (%) Mean 6 SE (%) Inhibition (%)
Control 1 60.5 25.8 6 13.4
2 33.1
3 3.4
4 6.1
407 5 6.1 7.1 6 2.9 72.5
6 14.3
7 8.0
8 0.1
EA-1 9 6.4 14.5 6 5.2 45.8
10 27.7
11 18
12 5.8
Experiment D
Ly5.11 Donor
Antibody Mouse Cells (%) Mean 6 SE (%) Inhibition (%)
Control 1 53 46.6 6 15.4
2 69
3 63
4 1.4
407 5 65 17.5 6 15.8 62.5
6 0.9
7 3.0
8 1.1
Four representative experiments showing thymic reconstitution by Ly5.1 bone marrow precursors are presented. In experiments (A) and (B),
absolute numbers and percentages of donor-derived versus total thymocytes obtained 15 (A) and 17 days (B) after injection of individual mice
with antibody 407, its F(ab9)2, or control rat IgG are provided. In each case, percentages and mean cell numbers of Ly5.11 cells are deduced
from absolute cell numbers. Results from two other experiments comparing reconstitution in the presence of antibodies 407 and EA-1 are
presented in (C) and (D). In these experiments, only percentages are indicated, since total thymocyte numbers were equivalent.
1995). Thus, antibody 407 interferes with the homing antibodies might explain our results. Thus, analysis of
postirradiation thymi was performed during the first 48step of precursor cells from blood vessels.
hr of recolonization. Since a very small percentage of
bone marrow–derived cells can enter the thymus duringAntibody 407 Blocks Early Interaction of Pro-T Cells
with Perivascular Stromal Cells this period (Lepault and Weissman, 1981), and given
the high degree of irradiation-induced cell death, otherPostirradiation reconstitution assays depend upon fairly
long-term experiments during which indirect effects of methods of quantitating homing were employed. Bone
Immunity
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Figure 3. Anti-Vanin-1 Antibody Blocks Short-Term Thymus Colonization
Thymic cryosections were obtained 48 (A and B) or 24 (C–E) hr after injection of PKH 26–labeled bone marrow cells into irradiated Balb/C
mice (3.5 Gy). Sections from control (A) or antibody 407–injected (B) mice were counterstained with anti-CD31 antibody revealed by FITC
(magnification 340). For quantitation, pictures were taken from several serial thymic sections and projected on a screen. Thymic cortex in
each picture was divided in squares of equal size, and stained cells were numbered in 40 of these squares in each experimental condition.
The mean cell numbers per square were 210 6 61 and 83 6 30 for control and antibody 407, respectively, which corresponds to an inhibition
of 61%. Sections from control (C), antibody 735–injected (D), or antibody 407–injected (E) mice were stained with hematoxylin (magnification
310). Arrows localize hematoxylin-stained cells in the outer cortex.
marrow cells were labeled with a red fluorescent dye antibody 407–injected mice. After quantitation on sev-
eral sections, the inhibitory effect reached 61% of theprior to intravenous injection. Thymi were then removed,
and one lobe was used for cytofluorometric analysis number of stained cells. Earlier analyses (at 12 and 24
hr) on sections confirmed this result, but were moreon cell suspensions; serial cryosections were obtained
from the other thymic lobe. In both cases, labeled cells difficult to quantitate precisely owing to the massive cell
death that also attracted labeled macrophages in thewere directly quantified. Results from the cytofluorome-
tric study indicated that less than 0.1% of injected cells cortex. A qualitative analysis of the outer cortical area
indicated that small foci of hematoxylin-stained thymo-could be detected in the first 48 hr following irradiation.
Absolute numbers of stained cells calculated from anal- cytes could already be detected in the immediate vicinity
of vessels from control (Figure 3C) or antibody 735–ysis of 5 3 105 thymocytes were reduced by around
60% at 12, 24, and 48 hr. Since these numbers were injected (Figure 3D) thymi 24 hr following irradiation. In
such thymi, nuclear hematoxylin staining of apoptoticvery low, a direct numbering of stained thymocytes was
performed on a large series of tissue sections from 48 cortical thymocytes is lost at 24 hr, and the few re-
maining subcapsular and perivascular cells representhr postirradiation thymi. In this assay, labeled cells were
exclusively localized around cortical vessels counter- early thymic precursors. A comparative picture obtained
from antibody 407–injected thymi shows the relativestained by an anti-CD31 antibody (Figure 3A). As shown
in Figure 3B, relatively few stained cells are found in paucity of nucleated cells in this area (Figure 3E). Thus,
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both qualitative and quantitative arguments support the
notion that the inhibitory effects of antibody 407 on
thymic reconstitution can be detected during the first
few hours of recolonization by directly affecting the
number of available precursors.
These results indicate that the 407 antigen might con-
trol the adhesion of homing cells with perivascular stro-
mal cells. This possibility was tested by incubating neo-
natal thymocytes or the pro-T cell line FTF1 on
cryosections of neonatal thymi. As shown in Table 4,
this interaction is either partially (thymocytes, 49%) or
drastically (FTF1, 80%) inhibited by antibody 407, but
not antibody 735. Anti-CD44 antibody has a marginal
inhibitory effect on FTF1 cell binding. Thus, at least a
fraction of early thymocytes and a pro-T cell line bind
to cryosections in a 407 antigen–dependent manner.
Since the molecule recognized by antibody 407 identi-
fies a perivascular molecule involved in the regulation
of thymus homing under noninflammatory conditions,
we named this protein Vanin-1 (for vascular noninflam-
matory molecule).
Amino Acid Sequencing and Glycosylation of Vanin-1
Biochemical analysis was performed on the thymic
epithelial cell line MTE4 previously shown to express
Vanin-1 at a high level (Table 1). Vanin-1 was immuno-
precipitated from 125I-labeled MTE4 cell lysates. One sin-
gle broad band with a molecular mass of approximately
70 kDa was apparent on SDS gels under reducing or
nonreducing conditions (Figure 4A). N-glycosidase
treatment reduced the apparent molecular mass by 14
kDa, whereas neuraminidase reduced it by 5 kDa; the
Figure 4. Biochemical Characterization of the 407 Moleculemolecular mass was not further affected by O-deglyco-
sylation. Immunoprecipitation of CD44 antigen was used The 407high thymic epithelial cell line MTE4 was used for biochemical
analysis. In (A), cells were surface iodinated, lysed in 1% DOC, andas a positive control for deglycosylation experiments.
submitted to immunoprecipitation using antibody 407, as well asThe shift in apparent molecular mass induced by glyco-
IM7 (CD44-specific) or RAMK (rat k chain–specific) antibodies assylation was confirmed by metabolic labeling and pulse–
positive and negative controls, respectively. Immunoprecipitation
chase experiments. The most immature form of Vanin-1 was performed under reducing or nonreducing conditions as indi-
appeared as a 55 kDa protein. Within 30 min of chase, cated. The immunoprecipitated material was treated with N-glycosi-
a more diffuse band corresponding to the 70 kDa mature dase or neuraminidase followed by O-glycosidase. The CD44 glyco-
protein was used as a positive control since it has both N- andform was detected (Figure 4B). Taken together, these
O-linked carbohydrate chains. In (B), immunoprecipitation with 407results showed that Vanin-1 bears several N-linked,
or RAMK antibodies was performed from cell lysates of [35S]Cysprobably weakly sialylated carbohydrate side chains,
and [35S]Met metabolically labeled cells at different chase times.
but no O-linked carbohydrate side chains. After large-
scale immunopurification from two independent tissues
(murine liver and the MTE4 cell line), the 70 kDa glyco- sequence encompassing the first 24 residues was ob-
tained from both tissues and showed no identity withprotein was transferred to PVDF membrane by Western
blotting, and the excised band was submitted to previously described molecules deposited in protein da-
tabases.N-terminal amino acid sequencing. A single N-terminal
Table 4. Antibody 407 Inhibits Binding of Pro-T Cells to Thymic Cryosections
Cell Type Antibody Mean of Bound Cells Binding Inhibition (%)
Neonatal thymocytes None 22.6 6 6 —
735 22 6 6 0
407 11.5 6 5 49
FTF1 cells Normal rat IgG 7.89 6 2.35 —
IM7.8 3.89 6 0.63 51
407 1.56 6 0.5 80
FTF1 cells or neonatal thymocytes were resuspended in PBS or rat IgG, 407, 735, or IM7.8 (anti-CD44) antibody solutions at 50 mg/ml and
incubated on frozen sections of neonatal thymi. Results are presented as a mean of double-blind quantitation of labeled cells on 20–30
independent fields per experimental sample using a fluorescent microscope (magnification 325).
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Figure 5. cDNA, Protein Sequence, and Hy-
drophobic Profile of Vanin-1
In (A), the organization of the cDNA is shown.
The stippled area corresponds to the leader
peptide, and the hatched area represents the
39 untranslated region. In (B), the deduced
protein sequence is presented. The sequence
of the leader peptide is boxed, and the
N-terminal sequence of the mature protein is
indicated (broken line). Five putative N-glyco-
sylation sites are underlined. In (C), Kyte–
Doolittle analysis of the hydrophobicity plot
of 407 protein sequence is shown.
A Novel Gene Coding for a GPI-Linked Molecule corresponding to nucleotide 191. This indicates that a
hydrophobic leader peptide of 23 residues is cleaved offA short nucleotide probe from poly(A)1 mRNA templates
of MTE4-407high cells was produced by reverse transcrip- (Von Heijne, 1986), exposing the N-terminal moiety at the
outer membrane of the cell. Analysis using the Kyte–tion–polymerase chain reaction (RT–PCR) with primers
based on the N-terminal amino acid sequence of the Doolittle prediction program suggests the presence of four
distinct regions of the protein beyond nucleotide position407 protein. This probe was used to screen a cDNA
phage library made from the same cell line. A full-length 192 (Figure 5C). A hydrophilic stretch (amino acids 24–
207) is followed by a more hydrophobic region (amino2.3 kb cDNA was obtained (Figure 5A), which, used as
a probe in Northern blot analysis, hybridized with a sin- acids 208–267). From residues 268 to 492, the protein
contains alternatively hydrophilic and hydrophobic se-gle 2.3 kb mRNA transcript in the MTE4 cell line or in
thymus (data not shown). quences of 8–10 residues, suggesting that this region has
amphipathic features. The last portion of the molecule isSequence analysis of the Vanin-1 cDNA reveals the
presence of a consensus translational start site that sur- composed of 20 highly hydrophobic residues that could
serve as a putative transmembrane domain. However, arounds an ATG at nucleotide position 22, leaving 21 nt of
the 59 noncoding sequence (Kozak, 1984). A stop codon more refined analysis revealed that this peptide contained
a consensussequence for coupling to a GPI anchor (Uden-was found at position 1558, followed by 698 nt of 39 non-
coding sequence containing a AATAAA polyadenylation friend and Kodukula, 1995). The Vanin-1 cleavage site
(S487–NASS) followed by a spacer and a hydrophobicsite (position 2225) upstream of a poly(A) tail. A single
open reading frame of 1557 nt encodes a protein with a stretch is analogous to the C-terminal sequences found
in other GPI-anchored proteins (Figure 6A). Since GPI an-calculated molecular mass of 55 kDa, which is in agree-
ment with the molecular mass of the immature unglycosy- chors contain inositol and ethanolamine, biosynthetic la-
beling of Vanin-1-positive MTE cells was performed bylated protein 407. Furthermore, the protein sequence con-
tains five putative N-linked glycosylation sites, of which using [3H]ethanolamine.The antibody 407 immunoprecipi-
tated a 70 kDa protein from lysate of labeled cells (Figureat least three are required to contribute to the 15 kDa
carbohydrate moiety (Figure 5B). The peptide sequence 6B). However, as already observed in other situations,
phosphatidylinositol-specific phospholipase C treatmentobtained by N-terminal sequencing starts at the position
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Figure 6. GPI Anchoring of Vanin-1
In (A), the C-terminal sequences of three GPI-
anchored proteins are compared with that of
Vanin-1. The consensus cleavage site (v, v 1
1, v 1 2) is indicated by the arrow. Conserved
residues are stippled. In (B), 407 antigen was
immunoprecipitated from tritiated ethanol-
amine-labeled cell lysates of untransfected
(lane 1) or transfected (lane 2) MTE1D cells.
of MTE cells did not release Vanin-1 from the cell mem- with the untransfected cell line. The antibody had no effect
on the moderate enhancement of thymocyte adhesionbrane.Despitethis result, it is likely that membrane anchor-
ing of Vanin-1, a classical type I glycoprotein, involves a to untransfected cells. These results show that Vanin-1
significantlycontributes to the reinforcement of thymocyteGPI anchor.
adhesion to thymic epithelial cell lines.
Transfection of Vanin-1 cDNA Restores 407
Antigen Expression and Enhancement
The Vanin-1 Gene Is Related to the Humanof Thymocyte–MTE Cell Adhesion
Biotinidase GeneTo confirm the validity of this cDNA clone, we transfected
Comparison of translated 407 cDNA sequences withthe thymic stromal cell line MTE1D, which does not ex-
protein databases revealed the presence of a significantpress the 407 antigen (Table 1). As revealed by cytofluo-
identity (40%) of the Vanin-1 molecule with human bio-rometry, the transfected cells express Vanin-1 at a high
tinidase (Figure 8). The biotinidase gene codes for anlevel (relative fluorescence intensity, 823) and the 407 anti-
enzyme produced by liver cellsand releasedas a solublebody specifically immunoprecipitates a 70 kDa glycopro-
seric 70 kDa molecule (Cole et al., 1994). It catalyzestein from transfected cell lysates (Figures 7A and 7B).
the release of biotin from its precursor biocytin. ThePrevious adhesion experiments using Vanin-1-positive
identities between the two proteins run throughout theMTE cell lines had shown a characteristic time- and tem-
molecules, included all cysteine residues of the matureperature-dependent enhancement of thymocyte adhesion
protein, but systematically excluded putative N-glyco-after 20–30 min of cell interaction (Lepesant et al., 1990).
sylation sites of Vanin-1. In addition, the Vanin-1 mole-As indicated in Figure 7C, this enhancement, but not the
cule lacks a peptide segment corresponding to the bio-basal thymocyte adhesion to the MTE3-19 cell line, is
tinidase sequence between residues 342 and 371;inhibited by antibody 407. The transfected MTE1D cell line
reciprocally, biotinidase has no C-terminal hydrophobicwas then used in an adhesion assay with murine thymo-
peptide. Finally, using the enzymatic assay describedcytes. Basal cell adhesion to transfected and untrans-
by Wolf et al. (1990), we failed to detect any biotinidasefected MTE1D cells is identical (Figure 7C). Reinforcement
activity at the cell membrane or in the culture superna-of thymocyte adhesion observed after coincubation at
tant of Vanin-1-positive MTE cells (data not shown).378C with untransfected MTE1D cells is of low amplitude
Thus, homology between Vanin-1 and biotinidase was(2- to 3-fold); this reinforcement becomes much more sig-
likely due to related genes encoding for distinct mole-nificant on transfected MTE1D/VH cells (5- to 10-fold).
cules with different functions and tissue expression. WeF(ab9)2 fragments of antibody 407 (as well as intact anti-
therefore concluded that Vanin-1 is a novel, distinctbody; data not shown) inhibited the enhancement of thy-
mocyte adhesion to transfected cells to the level observed protein.
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Figure 7. Transfection of Vanin-1 Increases
Thymocyte Binding to MTE1D Cells
In (A), cytofluorometric analysis using anti-
body 407 of untransfected versus 407-
transfected MTE1D thymic stromal cells is
shown. In (B), immunoprecipitation of Vanin-1
is performed after surface iodinationof MTE4,
untransfected, or transfected MTE1D cells. In
(C), thymocyte adhesion to MTE3-19, un-
transfected, or Vanin-1-transfected MTE1D
(MTE1D/VH) cells is shown either at 08C
(basal adhesion) or after 30 (MTE3-19) or 40
min (MTE1D) of incubation at378C in the pres-
ence or absence of 10 mg/ml F(ab9)2 4O7 anti-
body (identical results were obtained with in-
tact antibody). Results are expressed in
bound counts per minute, as previously de-
scribed, and basal adhesion represents the
binding of 25% and 7% of thymocytes on
MTE3-19 and MTE1D cell lines, respectively.
Discussion molecules have been found to play a role in thymus
homing. It has been shown that an antibody recognizing
We report here the cloning and functional analysis of a the endothelial a6 integrin molecule inhibited intra-
novel cell surface molecule, Vanin-1, that is involved in thymic homing and adhesion of pro-T cells to thymic
the thymus homing of bone marrow cells. Vanin-1 is a endothelial cells (Imhof et al., 1991; Ruiz et al., 1995). A
GPI-anchored molecule expressed by perivascular thy- similar effect was observed in vivo with antibody recog-
mic stromal cells. Antibody against Vanin-1 blocks thy- nizing the hyaluronan receptor CD44 (Wu et al., 1993).
mus colonization by hematopoietic progenitor cells in Vanin-1 is the third identified molecule shown to regulate
both short- and long-term assays and interferes with thymus homing. However, none of these molecules has
lymphostromal cell adhesion. Vanin-1 has some homol- a thymus-restricted expression. Preliminary results indi-
ogy with the biotinidase enzyme, and both sequences cate that Vanin-1 expression is associated with vessels
set the basis for the definition of a novel gene family. in various tissues, suggesting that it might play a role
in homing to peripheral organs. Thus, our current results
do not allow us to draw any conclusion concerning theVanin-1 Is Involved in Thymus Homing
role of Vanin-1 in providing thymus homing specificity.One of the characteristics of intrathymic homing is its
In other homing models, specificity was shown to bespecificity. Earlier reports using competitive homing
conferred at various steps of the recruitment of the cir-assays showed that bone marrow–derived cells had
culating cell toward the endothelial cell wall. This firstmuch higher homing properties than other lymphoid
interaction between endothelial and migrating cells ispopulations (Lepault and Weissman, 1981). This result
regulated by the complex interplay involving selectin–was supported by analysis of cell lines displaying similar
mucin, chemokine–receptor, and integrin–surface Ig-phenotypic features (O’Neill, 1987). Homing to the thy-
CAM interactions (Springer, 1994; Butcher and Picker,mus can also be observed with cell types other than
1996). L-selectin, known to control homing to peripheralprogenitors, such as activated mature T cells, some B
lymph nodes, does not seem to be essential, since thy-lymphocytes, circulating dendritic cells, or macro-
phages (Agus et al., 1991; Kampinga et al., 1990). Few mus colonization is unaffected in L-selectin-deficient
A GPI Molecule Involved in Thymus Homing
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Figure 8. Comparison of Murine Vanin-1 and Human Biotinidase Protein Sequences
Conserved residues appear in stippled boxes. Gaps are indicated with broken line to allow optimal alignement of the two proteins using
GeneWorks software.
mice (Arbones et al., 1994). The a6 integrin might partici- contain tyrosine kinases at the cytoplasmic side (Ste-
fanova et al., 1991). This characteristic GPI anchor mightpate in the tethering or the reinforcement step of recruit-
confer unique cell transducing properties (Pont et al.,ment as already shown for a4 integrins (Bargatze et
1985; Stefanova et al., 1991) and lateral mobility in theal., 1995). Once firmly bound to the endothelial cells,
apical membrane (Chang et al., 1990; Ishihara et al.,migrating leukocytes undergo diapedesis involving mol-
1987). Several GPI-anchored molecules, such as NCAMecules such as CD31 (Muller et al., 1993). Its role in
and F3 (Gennarini et al., 1989; He et al., 1987) or LFA-3thymus homing has not been formally proven. Then,
(Vollger et al., 1987) and Thy-1 (Low and Kincade, 1985;migrating cells must cross the perivascular interstitial
He et al., 1991), have been shown to play a role in signaltissue and the layer of perivascular epithelial cells. CD44
transduction, adhesion, or both. One possibility is thatmight be required during cell migration through the ex-
Vanin-1 directly regulates adhesion of homing cells totracellular matrix surrounding blood vessels. Nothing
perivascular cells. Indeed, antibody 407 was found tois known concerning molecules that control migration
be capable of blocking adhesion of FTF1 pro-T cellsacross the epithelial cell layer. Vanin-1 is expressed
to thymic cryosections. Inhibition of thymocyte bindingby perivascular epithelial cells and, perhaps, other cell
was partial, suggesting that other mechanisms mighttypes tightly associated with blood vessels such as peri-
further contribute to the adhesion of distinct cell popula-cytes. This expression is detectable as early as fetal
tions. In our initial screening strategy, antibody 407 wasday 13 (unpublished data), which is compatible with the
selected for its ability to interfere with the time- andonset of thymus homing during ontogeny. Thus, Vanin-1
temperature-dependent reinforcement of thymocte ad-might participate in a postendothelial control step in the
hesion to Vanin-1-positive thymic epithelial cell lines.process of intrathymic homing.
As shown in this report, transfection of Vanin-1 cDNA
significantly augments the percentage of thymocytes
Vanin-1, a GPI-Linked Molecule Regulating bound to the MTE1D cell line after 30–40 min of incuba-
Cell Adhesion tion. Furthermore, this enhancement is inhibitable by
Biochemical analysis performed on MTE cell lines antibody 407. Thus, these results suggest that Vanin-1-
indicated that Vanin-1 can be metabolically labeled dependent cell adhesion might require cell activation
with tritiated ethanolamine, which is known to be a or conformational changes. We previously showed that
main component of GPI anchors (Udenfriend and Kodu- integrin molecules expressed by thymocytes contrib-
kula, 1995). Furthermore, the C-terminal sequence of uted to the reinforcement of cell adhesion. However,
Vanin-1 displayed the consensus residues shared with ligands expressed by thymic epithelial cell lines were
the 20 other GPI-anchored proteins analyzed so far not identified. Since a moderate enhancement of cell
(Udenfriend and Kodukula, 1995). In contrast, Vanin-1 adhesion can still be observed in the absence of Vanin-1
could not be released from the cell membrane by treat- molecules, it is likely that distinct adhesion molecules
ment with phosphatidylinositol-specific phospholipase control the enhancement of cell adhesion and might
C (data not shown). This might be due to thecontribution select different thymocyte subsets. Earlier reports
of a palmitoyl group to the membrane anchor of Vanin-1 showed that thymocytesbound to Vanin-1-positive MTE
in our cell lines (Udenfriend and Kodukula, 1995). In cell lines predominantly belonged to the immature DN
polarized epithelial cells, GPI anchoring has been shown and early DP populations (Lepesant et al., 1990). Prelimi-
to target molecules specifically to the apical membrane, nary results indicate that transfection of Vanin-1 allows
where they gather in glycolipid-rich membrane subre- the binding of a distinct subpopulation expressing no
or low levels of CD4 and CD8 molecules, which mightgions (Powell et al., 1991). These microdomains also
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(Trowbridge et al., 1982). Antibody EA-1 (rat IgG2a anti–a6 integrin)represent early thymic immigrants (unpublished data).
and the rat IgG1 anti–mouse k chain (RAMK) antibody have beenThus, these results show that Vanin-1 plays a significant
described previously (Imhof et al., 1991; Vivier et al., 1991). Mono-role in the regulation of pro-thymocyte binding with peri-
clonal antibodies to MTE lines (fusionH202) were raised by immuniz-
vascular epithelial cells. ing Lou rats intraperitoneally with MTE1 and MTE2 cell lines, and
cell fusion was performed between rat splenocytes and the X63
myeloma. The rat IgG1 monoclonal antibody 735 (H202-735) wasVanin-1 Homology to Other Proteins
used in several experiments as an isotype-matched control reagent.Sequence analysis of Vanin-1 showed no homology with
The 407 hybridoma (rat IgG1) recognizing Vanin-1 was producedother families of adhesion molecules. The only identities
in ascitis and purified by gel filtration on S200 chromatography
were found in a sequence of the human enzyme called (Pharmacia). The full name of the reference clone is H202-407-6-3;
biotinidase (Cole et al., 1994). Although overall identity in it is referred to as 407 for convenience. The F(ab9)2 fragment from
protein sequences was only 40%, the possibility that antibody 407 was prepared by calibrated pepsin digestion; in brief,
purified antibody 407 (2 mg/ml in PBS, 0.1 M sodium citrate) wasVanin-1 might be the murine equivalent of human biotini-
adjusted to pH 3.8, and pepsin (Millipore) was added at a finaldase had to be excluded. Several independent observa-
concentration of 20 mg/ml for 4 hr at 378C. The reaction was stoppedtions argued against this hypothesis: biotinidase is a se-
by addition of 1 M Tris (pH 8). F(ab9)2 was dialyzed against PBS andcreted molecule while Vanin-1 is not; biotinidase is purified by gel filtration.
produced by hepatocytes, whereas Vanin-1 is expressed
by thymic epithelial cells; Vanin-1 has no detectable bio- Flow Cytometric Analysis on Stromal Cell Lines
tinidase activity; and homologies between human biotini- Cell lines were washed twice in PBS–EDTA, detached in cell dissoci-
ation culture reagent (Sigma), and stained with various rat antibod-dase and nucleotide sequences of Vanin-1 are relatively
ies. Staining was revealed using a F(ab9)2 goat anti–rat IgG/IgMlow. However, Southern blot analysis of human genomic
antibody coupled to fluorescein isothiocyanate (FITC) (Jackson Lab-DNA performed at low stringency with the mouse cDNA
oratories), and samples were run on a FACS analyzer.
probe allowed the detection of distinct restriction frag-
ments. Since these fragments might correspond to the Long-Term Thymus Reconstitution Experiments
human equivalent of the mouse Vanin-1 gene, we cloned Thymus reconstitution after sublethal whole-body irradiation. On
day 1, C57 Bl/6 (3- to 5-week-old) mice (Orleans) were sublethallyand sequenced them. Sequence analysis showed a high
irradiated (6 Gy) using a g source of cesium providing 1 Gy perdegree (70%) of identity with the murine sequence and
minute. Mice were allowed to rest for 3 hr before intravenous injec-differed from the biotinidase sequence (F. G., unpublished
tion of purified 407 (whole or F[ab9]2) or 735 antibodies (50 mg perdata). Thus, the Vanin-1 gene is not the murine homolog
injection). Injections of antibodies were repeated on days 3 (intrave-
of the human biotinidase gene. The identity at the protein nous), 5, 8, and 11 (intraperitoneal) postirradiation. Mice were
level indicates a distant but significant relationship be- grouped by pairs for each experimental point and killed at different
times after irradiation. To exclude any toxic effect of the antibodytween the two molecules. Other molecules regulating cell
in vivo, we checked the integrity of kidney endothelial cells by immu-adhesion have been shown to be related to enzymes:
nocytochemical test. Thymi were removed for cell numbering byCD38 expressed by leukocytes has ADP-ribosyl cyclase
trypan blue exclusion. Cytofluorometric analysis of thymocyte sus-
activity (Malavasi et al., 1994), whereas members of the pensions was performed on a FACS analyzer (Becton Dickinson)
esterase family (Ichtchenko et al., 1995) such as the Dro- using combinations of CD8–FITC (H55-58) (Golstein et al., 1982) and
sophila neural adhesion molecule neurotactin (Barthalay CD4–phycoerythrin (CD4–PE) or CD25–FITC and CD44–PE (Phar-
mingen).et al., 1990)have lost the enzymatic site but not the adhesi-
Reconstitution experiments using congenic mice. Bone marrow cellsotope during evolution. Other enzymes such as fucosyl-
from adult C57 Bl/6 Ly5.1 mice were depleted from red blood cells,transferases (Yednock et al., 1987; Geoffroy and Rosen,
washed, and adjusted to either 5, 10, or 15 3 106 cells per 30 ml1989; Goelz et al., 1990; Lowe et al., 1990; Phillips et
containing 30 mg of either normal rat IgG or antibody 407. We intrave-
al., 1990) affect the homing specificity of leukocytes by nously injected 30 ml of cell suspension into newborn C57 Bl/6 Ly5.2
modifying the carbohydrate core of endothelial mucins mice (Ruiz et al., 1995) sublethally irradiated with g-rays (3.5 Gy) 3 hr
before injection of the Ly5.1 donor bone marrow cells. Since it wasthat serve as selectin ligands (Lasky et al., 1992). The
difficult to get newborn mice from different matings at a precise time-possibility that Vanin-1 and biotinidase molecules might
point, experimental and control mice were from the same litter. Atbelong to a wider gene family remains to be explored.
14–17 days after injection, the thymi of host mice were removed, and
In conclusion, Vanin-1 is a novel cell surface molecule thymocytes were suspended in PBS and counted. The Ly5.1 cells
expressed by perivascular cells and is involved in the were then analyzed by triple fluorescence using an FITC-conjugated
regulation of cell adhesion during intrathymic homing. anti-Ly5.1-specific antibody, a PE-conjugated anti-CD4 antibody, and
a red 613–conjugated anti-CD8 antibody (GIBCO BRL; Life Technolo-
gies SARL) on a FACS analyzer. From each thymocyte suspension,Experimental Procedures
50,000 events were acquired. Thymocytes from Ly5.1 and Ly5.2 ani-
mals served as positive and negative controls, respectively.Cell Lines and Antibodies
Thymic stromal cell lines MTE1, MTE3-19, and MTE4-14 were de-
rived from day 15–17 fetal thymi; their epithelial features have been Short-Term Thymus Reconstitution Experiments
Bone marrow cells were labeled with the PKH 26 red fluorescentdescribed previously (Naquet et al., 1989; Lepesant et al., 1990,
1995). Since the MTE1 line was heterogeneous, two distinct sub- dye according to the instructions of the manufacturer (Sigma). In
brief, cell suspensions were labeled for 5 min at a dye concentrationclones were isolated, MTE1D and MTE1P. Only MTE1D cells pos-
sess epithelial characteristics, whereas MTE1P has a fibroblast mor- of 4 mM. Stained cells (5 3 105) were diluted in antibody solution
(50 mg per mouse) or PBS and injected intravenously into 3-week-phology. The MTE4-407high clone was sorted on a FacsStar Plus
apparatus (Becton Dickinson) from the Vanin-1-expressing MTE4- old irradiated (3.5 Gy) mice. Thymi were removed 12, 24, and 48 hr
following injection and processed for cytofluorometric or immunocy-14 cell line. The endothelial cell lines e-End.2 and T-end.1 were
provided by W. Risau (Bad Nanheim Institute, Federal Republic of tochemical analysis. For cytofluorometric study, quantitation of
each sample required analysis of 5 3 105 viable thymocytes. ForGermany). The FTF1 pro-T cell line was provided by Dr. R. Palacios
(Pelkonen et al., 1987). immunocytochemistry, 10 mm serial sections were obtained for each
thymic lobe and counterstained with a biotinylated CD31-specificAntibody IM7.8 (rat IgG anti-CD44) was provided by I. Trowbridge
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antibody (Pharmingen) revealed by streptavidin–FITC (Jackson Lab- O-glycosidase (Boehringer Mannheim) overnight. Control samples
were incubated without enzymes. Immunoprecipitated CD44 mole-oratories). Pictures taken from these sections allowed a direct num-
bering of stained thymocytes in cortical areas. For this purpose, cule was used as a positive control of N- or O-deglycosylation.
Samples were precipitated with 30 mg of carrier protein by additionthymic cortex was subdivided into squares in which cells could be
counted. A fixed number (40) of randomly chosen squares from of 4 vol of cold acetone (2208C), resuspended in sample buffer, and
subjected to 10% SDS–PAGE.control or antibody 407–injected thymi were quantified and a mean
value was obtained. On sections obtained 24 hr after injection of
bone marrow cells, a hematoxylin staining was also performed. Protein Sequencing
Immunopurified 407 antigen was run on 10% SDS–PAGE, trans-
ferred to Immobilon-P membranes (Millipore), and stained with Coo-Fetal Thymus Organ Cultures
Thymi were removed from 14-day-old NMRI mouse embryos (Or- massie blue (Vivier et al., 1991). The appropriate band was cut off
and loaded into the cartridge of an Applied Biosystems 475A proteinleans) and placed on Nucleopore polycarbonate filters (0.8 mm pore
size; wetting agent removed by soaking filters in boiling distilled sequencer.
water before use). The filters were placed onto a collagen sponge
(Gelfoam size 4, The Upjohn Company) in 3 ml of medium (Dulbec- cDNA Cloning
co’s modified Eagle’s medium containing 10% FCS without antibiot- Degenerated oligonucleotide primers were designed based on both
ics; GIBCO BRL) and incubated for 7 days at 378C in a humidified extremities of the 24 residue N-terminal amino acid sequence. A
atmosphere. Half of the medium was exchanged after 4 days. Five short cDNA segment corresponding to the peptide sequence was
thymi were grouped for analysis. Thymocytes were released by amplified by RT–PCR on MTE4-407high total RNA. A 64 bp EcoRI–
pressing the organs carefully between two nylon sieves (mesh, 100 HindIII double digested PCR product was cloned in pBluescript
mm; VS-Monodur PA-100) followed by vigorous pipetting. Thymo- (Stratagene; Ozyme) using restriction sites designed in the primers.
cytes were counted and analyzed by FACS for CD4 and CD8 ex- XL-I Blue (Stratagene; Ozyme) competent bacterial cells were trans-
pression. formed, and recombinantswere screened for blue/white color selec-
tion. Primers were chosen to give EcoRI–HindIII-digested PCR prod-
ucts in-frame with b-galactosidase sequence in the pBluescriptImmunohistological Staining
Lymphoid organs were embedded on OCT (Tissue-Tek, Miles) and vector. Since this small insertion did not affect b-galactosidase
activity, plasmid DNA from several blue colonies was prepared andfrozen. Acetone-fixed sections (5 mm) were rehydrated in PBS, 0.5%
gelatin, 0.05% Tween 20 for 15 min at room temperature, saturated sequenced.
A cDNA library was prepared from MTE4-407high poly(A)1 RNA.with 0.5% normal mouse serum, and then loaded with the antibody
407 and incubated overnight at 48C. Sections were washed twice, Double-stranded cDNA was obtained by oligo(dT) priming using the
Riboclone cDNA synthesis system M-MLV (H-) (Promega; Coger)and a peroxidase-coupled F(ab9)2 mouse anti–rat IgG Fc antibody
(Jackson ImmunoResearch; Immunotech) was used as a secondary starting with 5 mg of poly(A)1 RNA. cDNA was cloned in lZAPII
vector (Stratagene; Ozyme) using EcoRI adaptors. The resultingreagent (Van Vliet et al., 1984). After a 1 hr incubation at room
temperature, sections were washed twice and staining was revealed library was screened using polyligated 407 antigen–specific EcoRI–
HindIII segments. A 2.3 kb full-length cDNA clone (termed SPS-using AEC (Sigma) according to the instructions of the manufacturer.
Sections were mounted in Mowiol and analyzed using a Zeiss Axio- 6.2) was isolated. Nucleotide sequences were determined by the
dideoxynucleotide method using modified T7 polymerase (Seque-phot microscope (magnification 316). Double staining immunofluo-
rescence analysis was performed by staining with the primary anti- nase) protocols (United States Biochemicals). Sequence analysis
was carried out using GeneWorks (IntelliGenetics). Protein databasebody 407, which was revealed with a F(ab9)2 mouse anti–rat IgG
probe coupled to Texas red (Jackson Laboratories). Sections were searches with the deduced amino acid sequence of the 407 antigen
were done by the BLASTP program (National Center for Biotechnol-then saturated with normal rat serum and incubated with the sec-
ondary (735 or anti-CD31) biotinylated antibody revealed by strep- ogy Information, National Institutes of Health).
tavidin–FITC. Confocal analysis was performed on a Leica micro-
scope using high magnification (363). Transfection
The complete 407 cDNA was subcloned in the pRc/CMV mammalian
expression vector (Invitrogen; R&D Systems) to give the pRc/VHImmunoprecipitation
Cells were surface labeled with 125I by the glucoseoxidase-coupled clone. MTE1D cells were transfected using 2 mg of purified pRc/VH
DNA mixed with 10 ml of lipofectamin reagent (GIBCO BRL; Lifelactoperoxidase technique and lysed for 30 min at 48C (10 mM
Tris–HClbuffer [pH 7.4], 150 mMNaCl, 1% DOC, protease inhibitors). Technologies SARL) according to the instructions of the manufac-
turer. Stable transfectants were selected in the presence of 0.4 mg/Cell lysates were ultracentrifuged (50,000 3 g for 30 min) and pre-
cleared. Immunoprecipitation was performed with antibodies 407 ml neomycin (GIBCO BRL; Life Technologies SARL). Enrichment
of 4071 clones required magnetic bead sorting (MiniMACS, Tebu)or IM7-8 (anti-CD44), incubated with coupled MARK-1-Affi-Gel 15
beads (Bio-Rad Laboratories) as previously described (Vivier et al., followed by limiting dilution cloning. The 4071 MTE1D/VH4 clone
was maintained in the continuous presence of the selecting drug.1991). For pulse–chase experiments, MTE4 cells were incubated in
Met/Cys-free medium (GIBCO BRL; Life Technologies SARL) for 30
min and then pulsed with 0.3 mCi of [35S]Met and [35S]Cys (Amers- Cell Adhesion Assays
ham) for 10 min and chased with normal medium for various lengths On frozen sections, in situ binding was performed on freshly pre-
of time. For GPI anchor labeling, cells were grown in ethanolamine- pared frozen sections from neonatal mouse tissue as previously
free medium for 30 min and labeled overnight with [3H]ethanolamine described (Stamper and Woodruff, 1976; Imhof et al., 1991). Rehy-
(Amersham). Cell lysis and immunoprecipitation were performed as drated sections were loaded with 105 FITC-labeled FTF1 T cells or
above. Gels were soaked in Amplify (Amersham) for 30 min, dried, 5 3 105 neonatal thymocytes. Incubation on a minishaker was al-
and autoradiographed with an intensifying screen for several days. lowed to proceed for 30 min at room temperature. Unbound cells
were washed away by placing the slides vertically in PBS containing
2% formaldehyde, 0.5% glutaraldehyde for 20 min at room tempera-Deglycosylation
Immunoprecipitates were washed on discontinuous sucrose gradi- ture. Bound cells were counted using a fluorescent microscope and
quantitations were performed by blind counting of several fields onents, resuspended in 50 ml of Laemmli’s reducing sample buffer,
and boiled for 10 min. Beads were removed and samples were independent serial sections.
On MTE cell lines, the adhesion assay was performed as pre-further processed for deglycosylation. For N-deglycosylation, sam-
ples were diluted in 4 vol of PBS, 1% Triton X-100 and incubated viously described (Lepesant et al., 1990) with some modifications
as explained below. MTE cells (2 3 104) were plated 2 days inovernight at 378C with 1 U of N-glycosidase (Boehringer Mannheim).
For O-deglycosylation, they were diluted in 4 vol of 100 mM sodium- advance in conventional 96-well flat-bottomed plates (Dutscher;
Corning Costar Corp.). 51Cr-labeled thymocytes were added to theacetate buffer (pH 5.5), 10 mM CaCl2, 2% Triton X-100 and incubated
for 1 hr at 378C with 0.1 U of neuraminidase, followed by 2.5 mU of wells in the absence or presence of 10 mg/ml 407 whole, F(ab9)2, or
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control antibody. Cells were allowed to sediment for 30 min at 48C. Gallatin, W.M., Weissman, I.L., and Butcher, E.C. (1983). A cell-
surface molecule involved in organ-specific homing of lymphocytes.Plates were sealed, incubated under different experimental condi-
tions, and then centrifuged in the upside-down orientation for 6 min Nature 304, 30–34.
at 200 3 g. For each well, after removal of the medium, remaining Gennarini, G., Cibelli, G., Rougon, G., Mattei, M.G., and Goridis, C.
bound cells were lysed and transferred to separate tubes for count- (1989). The mouse neuronal cell surface protein F3: a phosphatidyl-
ing in a Packard g-counter. Experimental values represent the mean inositol-anchored member of the immunoglobulin superfamily re-
of sextuplicate samples. lated to chicken contactin. J. Cell Biol. 109, 775–788.
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